Human epidermal growth factor receptor type 2 (HER2) is a well-known biomarker that is overexpressed in many breast carcinomas.
kinetics, was used to evaluate HER2 expression from the time sequence of the fluorescence images after the intravenous probe injection. The normalized rate of accumulation of the specific fluorescent biomarkers, estimated from this time sequence, linearly correlates with the conventional ex vivo enzyme-linked immunosorbent assay (ELISA) readings for the same tumor. Such correspondence makes properly arranged fluorescence imaging an excellent candidate for estimating HER2 overexpression in tumors, complementing ELISA and other ex vivo assays. Application of this method to the fluorescence data from HER2-positive xenografts reveals that the 17-DMAG treatment results in downregulation of HER2. Application of the AngioSense 750 probe confirmed the antiangiogenic effect of 17-DMAG found with Affibody-Alexa Fluor 750 conjugate. E XPRESSION OF human epidermal growth factor receptor type 2 (HER2) in several types of epithelial cancers is correlated with poor prognosis. New methods are being developed to target HER2-positive cells. It is clear that the success of HER2-targerted therapies depends on accurate characterization of HER2 expression. 1 Therefore, HER2 status should be consistently assessed in all patients with breast cancer to identify HER2-positive tumors that would qualify the patient for treatment with currently used therapeutic agents such as trastuzumab. Up to now, all available HER2 tests-fluorescence in situ hybridization (FISH), enzyme-linked immunosorbent assay (ELISA), and immunohistochemistry-have been based on ex vivo analysis of breast cancer specimens. Importantly, these approaches do not allow real-time monitoring of changes in HER2 expression, which is essential for the development of new HER2-targeting therapies.
Owing to its minimal invasiveness, optical imaging presents an attractive option for serial imaging of tumors and monitoring of possible changes of receptor expression during the course of treatment. Reduced fluorescence background and enhanced tissue penetration by nearinfrared (NIR) light allow detection of targets located at a depth up to several centimeters in the tissues. Recently, attention to novel fluorescence imaging techniques has been attracted by an interesting article in which analysis of a time series of images, acquired after injection of an inert dye, allowed precise delineation and identification of major organs of a small animal using differences in the dye's in vivo biodistribution dynamics. 2 We reported Affibody-based bioconjugates for in vivo optical imaging of HER2. 3 Data analysis in the framework of a compartmental ligands-receptor model revealed a correlation between the initial rate of accumulation of the fluorescent probe at the tumor and HER2 expression in cancer cells. 4 In this communication, we present a novel approach, based on these findings, to quantify HER2 expression in vivo by minimally invasive procedure. The normalized rate of accumulation (NRA) of the specific fluorescent biomarkers (Affibody), estimated from the time sequence of images, using a compartmental kinetic model, linearly correlates with the readings of a conventional ELISA ex vivo assay of the same tumor. Such a relationship makes fluorescence imaging, using specific dyes, an excellent candidate to replace traditional ex vivo assessment of HER2 overexpression in tumors. The in vivo character of our approach allows one to monitor the therapy and potentially map the distribution of HER2 receptors over the region of interest (ROI). We were able to reveal a strong correlation between downregulation of HER2 expression in human tumor xenografts treated with 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) 5 and the temporal characteristics of fluorescence images. Corresponding ELISA tests quantitatively confirmed these findings. This work may provide new, noninvasive means for improved diagnosis and selection of patients for HER2-targeted therapies and for monitoring and estimating possible changes in receptor expression in response to therapeutic interventions.
NIR fluorescence optical imaging is already the modality of choice for preclinical studies because of its minimal invasiveness, allowing multiple scans that are necessary for monitoring possible changes in receptor expression during treatment. In the future, it may also become useful in the clinical setting. Although limited penetration depth and intrinsic autofluorescence originating from tissue preclude the use of visible light for most in vivo imaging applications, NIR fluorescence increases depth resolution dramatically. Combined with recent advanced mathematical modeling of propagation of light in tissue and technological improvements in sources and detectors, NIR optical imaging becomes feasible for clinical application. Several optical methods and systems available in the clinic today use light that can penetrate more than 5 cm deep inside the tissue. [6] [7] [8] [9] [10] [11] [12] [13] With near-infrared fluorescence (NIRF) systems, penetration depths, achieved up to now, are smaller, for example, the limit depth of 21 mm of NIRF intraoperative camera system that was reported in Pleijhuis and colleagues. 14 In this study, we focused on the changes in HER2 expression resulting from the treatment of HER2-positive BT474 tumor xenografts in mice with 17-DMAG. In the current study, we used HER2-specific Affibody molecules, which are attractive candidates for NIR optical imaging because of their high specificity and affinity to HER2, combined with quick clearance from the blood, as shown in previous in vivo imaging studies. [15] [16] [17] 
Materials and Methods
The HER2-specific Affibody molecule with albumin binding domain, ABD-(Z HER2:342 ) 2 -Cys (which will be called ''ABD-Affibody'' molecule in this article), was kindly provided by our Cooperative Research and Development Agreement (CRADA) partner in Sweden (Affibody AB, Sweden). All other reagents (750 C 5maleimide and 750 Antibody/Protein 1 mg labeling kits, 17-DMAG [reconstituted with 0.9% sodium chloride for injection], AngioSense 750 [VisEn Medical, Inc., Bedford, MA]) were purchased from the commercial sources.
The ABD-Affibody molecules contain a unique Cterminal cysteine residue that allows site-specific labeling. 18 This cysteine was used to fluorescently label the Affibody molecules with thiol-reactive Alexa Fluor 750maleimide dyes (Invitrogen Corporation, San Diego, CA), as described by Zielinski and colleagues. 19 
Cell Cultures and Animal Model
The human breast cancer cell line BT474 was obtained from the American Type Culture Collection (Manassas, VA). BT474 was chosen because it is a cell line with the highest HER2 expression (+3). The cells were grown in a culture medium at 37uC at 5% CO 2 in a humidified environment using RPMI medium supplemented with 10% fetal bovine serum (FBS) and 10,000 U penicillin and 10 mg streptomycin. A solution of 0.05% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA) (Invitrogen, Carlsbad, CA) in PBS was used for cell detachment.
Female athymic nude mice (nu/nu genotype, BALB/c (National Cancer Institute-Frederick, Frederick, MD), approximately 5 to 8 weeks old, were used for these experiments, as approved by the Institutional Animal Care and Use Committee of the National Institutes of Health. In addition, all animal studies were conducted in accordance with the principles and procedures outlined in the National Institutes of Health Guide for the Care and Use of Animals (http://oacu.od.nih.gov/). The effects of Hsp90 inhibition on the growth of a human breast cancer cell line (BT474) were investigated in a subcutaneous xenograft tumor model. Eight million BT474 cells suspended in 0.1 mL of 50% Matrigel (BD Biosciences, Bedford, MA) were injected subcutaneously into the right shoulder. Mice were randomized and assigned to one of three groups: (1) control, before the treatment; (2) 12 hours after completion of the treatment; and (3) 7 days after completion of the treatment. Five and three mice per group were used for receptor quantification and angiogenesis study, respectively. Tumor diameters were measured periodically with calipers, and tumor volumes were calculated (4/3 3 p 3 length 3 width 3 depth/8, where, p < 3.14159). Intraperitoneal injection of 17-DMAG was initiated when the mean tumor volume had reached approximately 400 mm 3 . To monitor the effects of Hsp90 inhibition, two groups of mice were treated with four doses of 17-DMAG (40 mg/kg) 24 hours apart. After the experiment had been terminated, mice were euthanized and tumors were extracted for assessment of the HER2 expression by ELISA.
In Vivo Near-Infrared Optical Imaging
Fluorescence intensity was quantified using a previously described NIRF small-animal imager. 20 Briefly, the system is based on a time-domain technique, where an advanced time-correlated single-photon counting device is used in conjunction with a high-speed repetition-rate tunable laser to detect individual photons. It contains a photomultiplier tube used as a detector, a temperature-controlled scanning stage with an electrocardiogram and a temperature monitoring device for small animals, and a scanning head 10 mm wide and 6 mm thick. The scanning head consists of multimode optical fibers that are used to deliver light from an excitation source and an emitted fluorescence signal to the detector through the optical switch. The imager has a laser source for fluorescence excitation (l 5 750 nm), an emission filter (l 5 780 nm) for fluorescence detection, and a computer for data analysis. The imager scans in a raster pattern over the skin or other tissue surfaces at a close distance of 1 to 2 mm to produce a realtime, two-dimensional image of the ROI. A cooled, charge-coupled device (CCD) camera is used to guide the scan to the ROI and to measure the fluorescence intensity distribution, which helps locate the tumor inside the tissue. The measurements with the small-animal imager were performed in such a manner that the source-detector head is scanning only over an ROI, that is, tumor or corresponding contralateral area.
To analyze the target-specific accumulation of the imaging probes, mice were anesthetized by inhalation of isoflurane. Ten micrograms of ABD-Affibody-Alexa Fluor 750 conjugate was injected intravenously and imaged at several predetermined time points after injection. The mean and standard deviations of the fluorescence signal were calculated by averaging the maximum pixel values over the tumor area and corresponding contralateral site.
Estimates of HER2 Receptor Expression In Vivo
We have previously shown that if the dissociation rate constant k off is low enough to disregard ligand-receptor dissociation during the observation period, these variations can be approximated by the following function 21 :
where in accordance with the kinetic model, 21 parameter a is proportional to the total concentration of HER2 receptors in the tumor, that is, HER2 expression, whereas parameter b is proportional to the binding rate of fluorescent ligands with HER2 receptors and concentration of free ligands in the tumor tissue. Thus, the initial rate of accumulation (in other words, binding) of HER2-specific fluorescent ligands at early times (t 5 t 1 5 3 hours after the probe injection) is proportional to HER2 expression and concentration of free ligands in tissue; we normalized the time series data for different tumors to the same initial level, say unity, by dividing all intensity points for each case by a corresponding value of intensity (I t 1 ð Þ) before comparing observed accumulation rates of a specific marker (described in detail elsewhere 21 ). The derivative dy dt j t~0 presenting NRA were obtained by fitting the normalized in vivo experimental fluorescence data to the model. Current studies compared the estimated NRA of several tumors (all 3+ BT474) with corresponding readings of ELISA, obtained ex vivo for the same tumor to quantify HER2 expression in vivo. For simplicity and to reduce potential problems related to possible changes in HER2 overexpession during treatment with 17-DMAG, we limited our analysis to early-time imaging data, 3 hours # t # 14 hours; when the saturation in the binding of our Affibody probe to HER2 is small, that is, to the first approximation, fluorescence intensity from the tumor increases almost linearly at this time range.
Monitoring Tumor Vascularity
Tumor vascularity was imaged using AngioSense 750. Anesthetized mice were injected intravenously with 2 nmol of AngioSense 750 in 150 mL of saline and imaged at predetermined time points. The fluorescence signal mean and standard deviation were calculated by averaging the maximum pixel values over the tumor area and corresponding contralateral side at different time points after the injection.
Enzyme-Linked Immunosorbent Assay
Animals were sacrificed at the predetermined time point after a series of optical imaging sessions. Tumor tissue was extracted, flash-frozen in liquid nitrogen, and stored at 280uC. Tumor tissue was homogenized in a suspension buffer supplemented with protease inhibitor mixture (Complete Protease Inhibitor Cocktail, Roche Applied Science, IN) and EDTA (5 mM), followed by HER2 extraction. Both receptor retrieval and HER2 ELISA were performed according to the protocol provided by the manufacturer, using serial dilutions of recombinant HER2 protein as standards. HER2 concentration is expressed in nanograms of HER2 per milligram of total protein.
Results
Application of 17-DMAG resulted in considerable reduction of the tumor size (< 50%), as illustrated in Figure 1 . However, after the course of treatment (four doses of 40 mg/kg 24 hours apart) had been completed, the tumor quickly recovered, almost reaching its pretreatment dimensions after 1 week. For half of the treated mice, a sequence of fluorescence images was obtained, starting 12 hours after the course of treatment with 17-DMAG, when the effect of therapy was close to maximal. The other half of the treated mice were imaged, starting 7 days after the course of treatment, when the tumor had already recovered. The whole temporal sequence of the treatment/ imaging experiments is illustrated in Figure 1 .
We processed the data of all three groups of mice (untreated and 12 hours and 7 days after the treatment) using our model described in Chernomordik and colleagues 21 (see also the Materials and Method section of this article) and compared the found value of NRA with ELISA readings for corresponding xenografts. In Figure 2A , we present time courses of fluorescence intensities at the tumor, excluding the free ligand in blood contribution for five mice in the control group (ie, untreated animals), obtained over a time range t < 2.5 to 14 hours after probe injection. The intensity values represent the normalized data for all mice to the same initial level of unity at time t 1 5 3 hours after injection. Both NRA calculations and ELISA tests were performed completely independently. ELISA measurements have shown large variations in HER2 overexpression for the BT474 xenografts between individual mice in the control group (n 5 5): 250 6 69 ng/mg of protein with observed maximum value of 315 ng/mg, being more than twice the minimum one (< 148 ng/mg). Figure 2B demonstrates the observed linear dependence between the NRA and the ELISA value of individual mouse tumors (n 5 5), passing through the origin (zero intercept). The corresponding p value for the test of the Figure 1 . Tumor volumes before and at different time points after the course of treatment (n 5 10 mice). Mice were treated with four doses of 17-DMAG 24 hours apart. With the first dose of treatment, tumor volume started to reduce, but after the course of treatment, the tumor started to regrow to its original volume. To monitor the variations in the HER2 overexpression-specific marker, Affibody-Alexa Fluor 750 conjugate was injected through the tail vein before and 12 hours and 7 days after the course of treatment. null hypotheses is equal to 1.25 3 10 -5 , showing that the found slope of this line is significantly different from zero from a statistical point of view. Moreover, according to the Akaike information criterion (AIC), the statistical model with zero intercept (AIC 5 47.9) is better than the linear regression with the intercept as a fitting parameter (AIC 5 49.9). 22 This zero intercept linear relationship can be considered as a master line, allowing one to predict ex vivo ELISA reading of HER2 overexpression for a specific tumor.
As a test, we used a third group of mice that had been imaged 7 days after the course of treatment with 17-DMAG, when the tumor and related vascularization had progressed back to the pretreatment level. For this group, our analysis shows much smaller variations in the NRA values from mouse to mouse (< 12%) compared to the control group ( Figure 2C ). However, the ELISA results seem to indicate that almost all data points occupy a narrow range: 168 6 16.7 ng/mg (ie, with relative variation , 10%). The only observed exception was a tumor with a very high ELISA reading for HER2 overexpression (313 ng/mg; this was almost twice higher than that recorded for the other mice in the group), making it an outlier according to the statistical outlier test (GraphPad, San Diego, CA). If we apply our master line, based on the control group, we would get an expected average reading of ELISA 172 6 20.4 ng/mg for the whole group or 170 6 23.1 ng/mg if excluding the above-mentioned ELISA outlier. Both values are close to ELISA results, excluding the outlier. Before analyzing the data for the 17-DMAG-treated subsamples of mice, we needed to verify our initial assumption that at early times t < t 1 5 3 hours, the fluorescent signal comes mostly from the free ligands in the blood. 17-DMAG therapy can potentially reduce the extra vasculature and corresponding additional blood volume developed by the tumor angiogenesis. To analyze this effect, we calculated the difference between the tumor and contralateral intensities at time t 1 5 3 hours, normalized to the corresponding contralateral value. The same procedure was repeated for each experimental group: control, 12 hours, and 1 week after the completion of treatment. Figure 3 , presenting these ratios, demonstrates drastic variations between subsamples: 12 hours after treatment, the average ratio is reduced 6.1 times, relative to the control group, whereas a week after therapy, it is much closer to that of the control group (actually < 25% higher). These variations should be related to observed changes in the tumor status after the therapy. At 12 hours, the effect of treatment is close to maximum, whereas after 1 week, the tumor seems to return to its pretreatment state (see Figure 1 ). It is not surprising that blood volume related to tumor vasculature is being restored to a level close to that of before treatment.
A natural explanation of such a correlation is the blood origin of the early signal from the probe combined with an antiangiogenic effect of the drug that suppresses extra vasculature immediately after treatment, but a week after the completion of the 17-DMAG therapy, the tumor's size and corresponding angiogenesis return to their pretreatment level. To substantiate this hypothesis, we performed independent in vivo measurements of the changes in tumor vasculature before and after treatment using AngioSense 750, as shown in Figure 4A . It was shown that this highmolecular-weight (250 kDa) fluorescent probe remains localized in the circulation for an extended time and reflects vascular network development in the organs. Moreover, vascular leakage contributes to increased accumulation of the probe in tumor volume. We did find a strong correlation between the early signal from ABD-Affibody-Alexa Fluor 750 conjugate and the results obtained with AngioSense 750, as shown in Figure 4B , where the normalized fluorescence intensities, observed at t 1~3 hours with both contrast agents, are presented for all three groups of mice (normalization is performed to an average intensity of the pretreatment group). Thus, the application of the Affibody-Alexa Fluor 750 conjugate allows us not only to obtain information about the overexpression of HER2 receptors but also to assess the antiangiogenic properties of anticancer drugs in vivo, as shown in this study for 17-DMAG, which is known to affect angiogenesis. 23 It is worth noting that although the intensities, originating from the blood circulation, are relatively close for the control group and the group of mice, observed 1 week after the treatment (difference < 16%), blood volume in the tumor was reduced < 2.1 times 12 hours after the treatment.
In accordance with the observed changes in tumor vascularization after treatment, there is no need to exclude an additional effect of free ligands in the tumor vasculature of animals imaged 12 hours after treatment with 17-DMAG. Therefore, for this group of mice (imaged 12 hours posttreatment), we should modify accordingly the data processing that we have used so far. Differences observed between tumor and contralateral intensity measurements in the second group of mice (12 hours after the course of the treatment) for 3 hours # t # 14 hours are presented in Figure 5A . The NRA of fluorescence intensity growth at the tumor side have been calculated according to our modified kinetic model, that is, under an assumption of no additional blood circulation in the tumor area, and have been compared to ex vivo ELISA readings on HER2 overexpression measured for the same tumor. For the 17-DMAG-treated mice 12 hours after treatment, corresponding ELISA readings are on average 33% lower than those for the control group: 189 6 52 ng/mg with a similar relative variance of < 28%. The results clearly indicate a good linear correlation between NRA and ELISA readings (NRA relative variance < 25%), as shown in Figure 5B . However, the slope of NRA-ELISA dependence (modified master line) is < 2.2 times smaller, likely reflecting an observed < 2.1 times reduction in the mean blood volume at the tumor site because the NRA should be proportional to the available concentration of free ligands at the tumor site.
A B Figure 4 . A, Intensity distribution at 3 hours after injecting Affibody-Alexa Fluor conjugate and AngioSense through the tail vein before and 12 hours and 7 days after the course of treatment, left and right columns, respectively. B, Correlation between Affibody-Alexa Fluor conjugate and AngioSense in the tumor area after subtracting the contralateral side 3 hours after injecting through the tail vein.
A B Figure 5 . A, Intensity values (tumor-contralateral) from the treatment group (12 hours after the course of treatment) (n 5 5 mice/group). B, Correlation between the normalized rate of accumulation (NRA) and enzyme-linked immunosorbent assay (ELISA) measurements obtained from the treatment group (n 5 5 mice/group) 12 hours after the course of treatment (modified procedure; no additional blood circulation in the tumor area is assumed). For the 17-DMAG-treated mice 12 hours after treatment, the slope of NRA-ELISA dependence (modified master line) is < 2.2 times smaller.
Discussion
Application of molecular imaging to assess in vivo expression of HER2 is crucial for the success of HER2 targeted therapies. 24 Several recent reports address the problem with the currently used ex vivo methods of HER2 assessment 1, 4 and propose alternative molecular imagingbased approaches such as positron emission tomography (PET). 24, 25 A novel approach to evaluate in vivo HER2 receptor expression levels in the tumor using Affibodybased fluorescent probes was suggested in our previous work. 21 The temporal variations of the fluorescence signal, originating from the tumor xenograft, were analyzed within the framework of a three-compartment kinetic model incorporating the signals from free ligands in blood plasma, free ligands in tissue, and HER2-bound ligands.
From the measurements at the contralateral side, it was established that concentration of the free ligand in the bloodstream soon after tail vein injection of the contrast agent is well described by a single exponential decay with a characteristic time of < 27 hours. On the other hand, binding of the HER2-targeted fluorescence contrast agent to HER2 receptors in the tumor area has been clearly observed. Moreover, a sequence of eight to nine fluorescence images, starting 3 hours after injection (four to five of them obtained at the early stages of fluorophore accumulation, t # 21 hours), allowed us to estimate the slope of the increasing fluorescence intensity in the tumor at an early time after injection (accumulation phase of the probe). This parameter showed a good linear correlation with quantitative HER2 amplification/overexpression data obtained for three types of HER2-positive breast carcinomas (BT474, MDA-MB361, MCF7) with different levels of HER2 overexpression (ranging from 1+ to 3+) as measured by conventional ex vivo techniques, FISH and ELISA. Moreover, the analysis limited only to the slope values obtained for BT474 xenografts also showed very good linear correlation with ELISA readings obtained independently ex vivo for the corresponding individual tumors.
In this study, we extended our analysis of HER2 expression to monitor in vivo the response of HER2positive tumors (BT474) to a new anticancer agent, 17-DMAG, known to reduce HER2 expression in treated tumors. As a standard control, we used ex vivo assessment of HER2 protein concentration in the same tumors by ELISA. We found a good linear correlation between ELISA readings and the initial slopes of the increase in signal intensity in the tumor area, obtained from fitting our original kinetic model 21 to the observed time courses of fluorescence intensities, not only for the control group of mice but also for the mice imaged 12 hours after treatment, when additional vascularization in the tumor area becomes negligible owing to the effect of the drug. The latter condition is substantiated by our direct measurements with AngioSense 750 dye. For the mice imaged 1 week after the treatment, both ELISA data and the initial slopes were in a very narrow range, when the tumor grew back to its pretreatment status, after exclusion of one ELISA outlier from the analysis. Our results showed that analysis of temporal changes in tumor-associated fluorescence following intravenous injection of an ABD-Affibody-Alexa Fluor probe allows quantification of HER2 expression in individual tumors in vivo.
To avoid potential complications owing to variations in HER2 expression, related to the treatment itself, and to reduce the time window of fluorescence measurements required for reliable fitting of the kinetic model to the data, we limited our analysis to temporal changes of signal in a much narrower range, 3 hours # t # 14 hours after the injection of Affibody conjugate, than our previous analysis. 21 Good linear correlations between these values for individual mice were found for the first two groups of mice; the third group is also consistent with linear regression for the control group after exclusion of the above-mentioned outlier in ELISA readings.
The observed correlations suggest that our method can be used as a basis to estimate HER2 overexpression in vivo. The shorter required range of data collection considered here is advantageous: it is easier to collect necessary data during a shorter period of time, and the method is applicable when no extended-time data are practically available. It should be noted that for other fluorescent dyes, the accumulation of the dye in the tumor can proceed much faster than for the ABD-Affibody-Alexa Fluor conjugate. In such a case, it would be harder to obtain accurate time sequences of fluorescence signal measurements during only the dye accumulation phase and the data, obtained at the probe saturation stage, would be needed for accurate quantification of HER2 overexpression.
Analysis of the therapeutic effect of anticancer drugs would not be complete without addressing their potential effect on angiogenesis in the tumor area. Using early-time data (< 3 hours after injection of fluorescent contrast agent), when, according to our model, almost all fluorescence in the tumor area comes from the free ligands in the blood circulation, we have shown by in vivo measurements that 17-DMAG has a strong antiangiogenesis effect in the treatment of BT474 carcinoma, as was demonstrated by other methods in the literature for other cases. 26, 27 Our findings are substantiated by independent direct measurements of fluorescence using the vasculaturespecific contrast agent AngioSense 750. These results indicate that temporal variations of fluorescence intensities after injection of HER2-specific markers can be used not only to quantify HER2 expression in tumors before and after treatment but also to provide information regarding the antiangiogenic properties of a compound, thereby further validating the choice of neoadjuvant therapy.
We have shown that the compartmental ligandsreceptor model can be used to estimate HER2 expression from data obtained by NIR optical imaging of ABD-Affibody-based, HER2-specific probes. The NRA, characterizing the temporal dependence of the fluorescence intensity detected in the tumor, linearly depends on HER2 expression, as measured ex vivo by an ELISA for the same tumor. Thus, for a given instrumentation and target (mouse in these preclinical studies), we should first obtain the master line, similar to the one described above. Being minimally invasive, the suggested methodology can be used to assess or monitor HER2 overexpression before and after treatment using the corresponding master line. It allowed us to detect the downregulation of HER2 expression in human tumor xenografts treated with 17-DMAG. We also observed that up to 3 hours postinjection, most of the probe is in the blood circulation, and the detected signal at this point is proportional to the blood volume as measured by AngioSense 750.
Our results suggest that optical imaging using ABD-Affibody-based probes, combined with mathematical modeling, is a promising tool for noninvasive monitoring of the possible effect of therapeutic intervention on receptor expression and tumor vasculature. It should be noted that our focus on analysis of signal changes as a function of time does not involve high-resolution mapping of the ROI and sophisticated three-dimensional reconstruction algorithms (that up to now have not been successfully realized for clinical studies). Although limited in its scope to evaluation of overexpression of specific receptors in the tumor area (ie, in the region with the highest fluorescence intensity, originating from specific markers), it is much less sensitive to many uncertainties, characteristic of deep tissue imaging, and can be useful for ''optical biopsy'' of the tumor in vivo, for example, for patient selection or to monitor the response to therapy. Our approach is based on comparison of fluorescent images of the ROI, obtained at subsequent time points after injection of the contrast agent. Under the reasonable assumption that optical properties of the tissue/tumor and imaging geometry are not changed after injection (at least for < 30 to 70 hours in the considered case of mouse imaging), the attenuation coefficient, related to photon migration in the turbid media, stays the same. Therefore, one can expect that after initial curve normalization at t 5 t 1 (see above), variations in fluorescence intensities owing to a specific marker are determined by kinetics of its binding to corresponding receptors and/or its washout from the blood circulation.
Further experiments are needed to investigate the limitations of the future clinical version of our system, in particular, the maximum distance between the imager head and the tumor to obtain quantitative fluorescence information under different experimental conditions. If sensitivity and spatial resolution of the imaging instrumentation are sufficient, the suggested method is likely to be applicable even to map HER2 overexpression at the main tumor and characterize some metastatic tumors (excluding, for example, distant metastases in the bones and lungs). Potential targets of the proposed approach may include, for example, axillary lymph nodes, where cancer cells have spread, if these nodes are not deeper than the penetration depth limit of the NIR system.
